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Abstract 15 
Models are needed to understand how plant-soil nutrient stores and fluxes have responded to 16 
the last two centuries of widespread anthropogenic nutrient pollution and predict future 17 
change. These models need to integrate across carbon, nitrogen and phosphorus (C, N, & P) 18 
cycles and simulate changes over suitable timescales using available driving data. It is also 19 
vital that they are constrainable against observed data to provide confidence in their outputs. 20 
To date, no models address all of these requirements. To meet this need, a new model, 21 
N14CP, is introduced, which is initially applied to Northern hemisphere temperate and boreal 22 
ecosystems over the Holocene. N14CP is parameterized and tested using 88 northern Europe 23 
plot-scale studies, providing the most robust test of such a model to date. The model 24 
simulates long-term P weathering, based on the assumption of a starting pool of weatherable 25 
P (Pweath0, g m
-2
), which is gradually transformed into organic and sorbed pools. Nitrogen 26 
fixation (and consequently primary production) is made dependent on available P. In the 27 
absence of knowledge about the spatial variability of Pweath0, N14CP produces good average 28 
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soil and plant variables, but cannot simulate variations among sites. Allowing Pweath0 to vary 29 
between sites improves soil C, N and P results greatly, suggesting contemporary soil C, N 30 
and P are sensitive to long-term P weathering. Most sites were found to be N limited. 31 
Anthropogenic N deposition since 1800 was calculated to have increased plant biomass 32 
substantially, in agreement with observations, and consequently increased soil carbon pools.   33 
1. Introduction 34 
Over the last 200 years, the flows of carbon (C), nitrogen (N), and phosphorus (P), and many 35 
trace elements, have been modified by increasing population density, intensification of 36 
agriculture and emissions from fossil fuel burning. These disturbances are set to continue, 37 
and become even more widespread with the need to meet global food and energy needs. 38 
Understanding changing nutrient cycles in natural environments is important for 39 
understanding and managing future C stocks, water quality and biodiversity. In this study, a 40 
new model of C, N & P cycles, N14CP is described, tested and used to explore long-term and 41 
large-scale implications of anthropogenic atmospheric N pollution [Galloway et al., 2004; 42 
Sutton et al., 2013] in non-agricultural ecosystems. 43 
Whilst the disturbed C cycle has been the main focus of scientific and public attention, the 44 
presence of biological actors within the earth system, with their requirements for C, N and P 45 
means that the cycling of these elements are tightly coupled. As such, it is problematic to 46 
consider one element in isolation. Terrestrial ecosystems that were once effectively closed 47 
with respect to nitrogen and phosphorus have become exporters of these nutrients, leading to 48 
eutrophication, acidification, loss of biodiversity and emission of greenhouse gas N2O [B 49 
Emmett et al., 2010; Galloway et al., 2004; van Vuuren et al., 2010; Vitousek et al., 1997]. 50 
To understand and manage ecosystem changes at large spatial and temporal scales, 51 
quantitative models are needed for exploring and predicting the changes in soil stores of C, N 52 
and P, fluxes of these nutrients to air and water, and ecosystem response. These models must 53 
integrate cycles of C, N and P, and be capable of simulating large areas over long periods that 54 
reflect current understanding of process timescales e.g. C residence time in soil is in the 55 
centuries/millennia range for the bulk of soil organic matter (SOM) [R Mills et al., 2014]. 56 
Many models incorporate C and N cycles – at least 250 as analyzed by Manzoni and 57 
Porporato [2009]. Far fewer models include P cycling. The CENTURY model [Parton, 58 
1996] and CLM-CNP model [X Yang et al., 2014] are exceptions which integrate C, N, and P 59 
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cycles. However, applications of CENTURY have largely concentrated on C and N, and 60 
where P outputs have been compared to data, these have been at the single-site scale [Parton 61 
et al., 2005; Raich et al., 2000]. Likewise, the CLM-CNP model, which concentrates on 62 
tropical ecosystems, compares results with observations of net primary productivity but not 63 
nutrient pools and fluxes. The TOTEM model also encompasses C, N, and P cycles, but in 64 
contrast to CENTURY and CLM-CNP, TOTEM simulates at a lumped global scale 65 
[Mackenzie et al., 2002; Ver et al., 1999]. The focus within TOTEM is the global C cycle, 66 
and as such testing against N and P data is not explored. More recently, attempts at 67 
distributed modeling at the global scale have been made. Wang et al. [2010] developed a 68 
global representation of C, N and P cycles to explore the spatial extent of N and P limitation 69 
and Goll et al. [2012] have incorporated P cycling into JSBACH. However, calibration and 70 
testing against P measurements have been limited in both of these cases. Wang et al. [2010] 71 
stated that a rigorous calibration of their model was not undertaken due to lack of global scale 72 
data, and used only leaf N:P ratio data, global soil %N estimates, and estimates of soil P 73 
fractions. Although their model was evaluated against measurements or estimates of biomass, 74 
soil C pool and litter production (which are indirectly controlled by P), evaluation directly 75 
relating to P was only carried out against P leaching data. Goll et al. [2012] used several P 76 
cycling parameters from Wang et al. [2010] in their extended version of JSBACH and 77 
calibrated biochemical mineralization fluxes from estimates of global soil N:P ratios.  78 
If we are to have confidence in the use of large-scale models to address the wider ecosystem 79 
effects of disturbed C, N and P cycles, it is important to constrain and test them using field 80 
observations. A new model, N14CP, is proposed, which is simple enough in terms of its level 81 
of detail and input requirements to be applied over long timescales and at spatial scales 82 
beyond the site scale, but also suitable for testing using site-based data. This model builds 83 
upon an existing model of C, and N cycles, N14C [E Tipping et al., 2012]. The aim is to 84 
create a C-N-P model suitable for a broad range of sites, that can be driven with readily 85 
available climate, deposition and soil data, to allow regional application that is informed by 86 
and tested against observed C, N and P data, rather than a site-specific model that cannot be 87 
generalized, or a large-scale model that is unconstrained against data. 88 
Here, outcomes from the parameterization and testing of N14CP are reported, using soil C, N, 89 
P, radiocarbon, DOC, DON, and N leaching data for 88 post-glacial northern European sites 90 
including broadleaf and coniferous forests, shrublands and grasslands, young ecosystems 91 
with comparatively high soil P availability.  The parameterized model is then used to explore 92 
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the role of P in determining ecosystem C and N stores and fluxes, and ecosystem responses to 93 
elevated atmospheric N deposition occurring over the last two centuries.  94 
 95 
2. Methods 96 
2.1. N14CP - A long-term regional scale C-N-P model 97 
The N14C model [E Tipping et al., 2012] of C and N cycles was developed to explore the 98 
influence of atmospheric N deposition on terrestrial semi-natural ecosystems. It provided a 99 
general parameterization (made against a set of plot-scale data), which could operate across 100 
multiple sites, and be driven with readily accessible data such as mean annual temperature, 101 
mean annual precipitation and N deposition. N14C also simulated radiocarbon (
14
C) 102 
dynamics to constrain the turnover rates of the soil organic matter compartments within the 103 
model. The current study extends the N14C model with a simple treatment of P cycling, base 104 
cation (BC) weathering and pH to produce the N14CP model.  105 
In the following subsections, a summary of the functionality of N14C is given, and then the 106 
extensions that form N14CP are described. Variables and parameters are listed in Tables 1 107 
and 2, and a full model description is provided in the supporting information (SI). 108 
2.1.1. Summary of the N14C model 109 
The model simulates a number of linked C and N pools representing vegetation biomass, and 110 
soil organic matter (SOM) in two layers – a topsoil layer representing the first 15cm (to make 111 
these values comparable with survey data) and a subsoil layer representing everything below 112 
this depth. The model runs on a seasonal (3-month) timestep.  The structure of N14C is 113 
depicted in the schematic in Figure 1.  114 
In both N14C and N14CP, four plant functional types (PFTs) are represented: broadleaf, 115 
coniferous, herbaceous vegetation and shrubs. These represent the dominant PFT at a given 116 
site. The vegetation biomass comprises coarse woody and fine soft tissue, defined in terms of 117 
C:N ratio for each PFT. The C:N ratio of coarse tissue is constant, but that of fine tissue 118 
varies depending upon available N, thereby representing either a transition from N-poor to N-119 
rich species or an enrichment of the fine tissues within a single species, or the combined 120 
effect of both. The variation in fine tissue C:N is implemented using a mix of two end 121 
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members with a high and a low C:N.  Following Liebig’s Law of the Minimum, net primary 122 
productivity (NPP) in N14C depends on a single limiting factor, which may be temperature, 123 
precipitation or available N.  124 
Nitrogen enters the system from two sources: N deposition and N fixation. The N14C model 125 
assumes that N fixation is a fixed value based on literature values, which is down-regulated 126 
by atmospheric additions of N. This down-regulation remains a feature within the N14CP, 127 
but the fixation is now related to the availability of P, as described in Section 2.1.4.  128 
At each quarterly time step, a fraction of the biomass C is converted to litter. Some of the 129 
associated N is also converted, while some is retained by the plant for reuse. The coarse litter 130 
does not enter the soil organic matter (SOM) pool, but decomposes at the soil surface, 131 
contributing N to the soil, but not C. The fine litter contributes to SOM, which is sectioned 132 
into three pools, each undergoing first-order decomposition reactions with turnover rates 133 
ranging from c. 2 to c. 1000 years following the formulation of van Veen and Paul [1981], 134 
which is shared by other models such as CENTURY [Parton, 1996]. These decomposition 135 
rates are modified by a temperature term, where the turnover rates are increased by a factor of 136 
Q10 for every 10°C increase in temperature 137 
The C loss from decomposition is partitioned into CO2 and DOC.  Nitrogen is lost in 138 
proportion to C, consistent with the C:N stoichiometry of each SOM pool, and the N released 139 
is partitioned into inorganic N and DON in proportion to the partitioning of released C. The 140 
remaining decomposed N is inorganic and, in addition to the inorganic N from deposition, 141 
undergoes denitrification according to a temperature dependent first-order reaction. The 142 
residual inorganic N, together with the N retained within the plant prior to litterfall forms the 143 
available N for plant growth. If inorganic N remains after plant uptake, immobilization into 144 
SOM occurs, and any excess inorganic N is leached. 145 
 The SOM in the subsoil layer is fed by organic leachates from the topsoil layer in line with 146 
the ideas of [Kaiser and Kalbitz, 2012]. The SOM is represented in the subsoil by a single 147 
pool with one turnover rate. 148 
2.1.2. N14CP weathering inputs of phosphorus and base cations 149 
In N14CP, P and BCs can enter the plant-soil system by both weathering, i.e. dissolution of 150 
parent minerals, and, in principle, atmospheric deposition.  Starting pools of weatherable P 151 
and BC ( 𝑃𝑤𝑒𝑎𝑡ℎ  and 𝐵𝐶𝑤𝑒𝑎𝑡ℎ ) are assumed, from which annual releases, ∆𝑃𝑤𝑒𝑎𝑡ℎ  and 152 
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∆𝐵𝐶𝑤𝑒𝑎𝑡ℎ, are determined by first-order rate constants 𝑘𝑃𝑤𝑒𝑎𝑡ℎ and 𝑘𝐵𝐶𝑤𝑒𝑎𝑡ℎ respectively. It 153 
is assumed that if the temperature is below zero, then no weathering occurs. This temperature 154 
dependency is implemented on an annual basis (like N14C, the majority of the model runs on 155 
a seasonal timestep, with weathering and pH estimation being exceptions to this) by 156 
multiplying the rate constant by the fraction of the year with a mean quarterly temperature 157 
above zero (according to climate input data), 𝐹𝑇>0. More formally: 158 
∆𝑃𝑤𝑒𝑎𝑡ℎ = FT>0𝑘Pweath𝑃𝑤𝑒𝑎𝑡ℎ       (1) 159 
∆𝐵𝐶𝑤𝑒𝑎𝑡ℎ = FT>0𝑘BCweath𝐵𝐶𝑤𝑒𝑎𝑡ℎ       (2) 160 
where ∆𝑃𝑤𝑒𝑎𝑡ℎ  and ∆𝐵𝐶𝑤𝑒𝑎𝑡ℎ  are assumed to enter the topsoil layer of the model and 161 
∆𝑃𝑤𝑒𝑎𝑡ℎ is spread evenly over the quarterly time steps and contributes to an available pool of 162 
soil water P, 𝑃𝑎𝑣𝑎𝑖𝑙.  163 
The process of weathering here is highly simplified, due to the uncertainties surrounding 164 
other factors. Temperature and moisture are known to directly control weathering through 165 
their influence on chemical kinetics. The influence of temperature is only crudely 166 
incorporated within the model at present since although there is much evidence for 167 
temperature effects in laboratory experiments [e.g. Brady and Carroll, 1994; White et al., 168 
1999] , the influence of temperature in the field is harder to observe and difficult to decouple 169 
from other climate-related effects. Inhibition of weathering product release due to saturation 170 
of soil water, or conversely the reduction of rate limitation due to removal of weathering 171 
products by water flow have also been neglected here since the influence of water flow 172 
pathways on the contact time between water and rock is highly complex and uncertain.  The 173 
influence of soil shielding on weathering [Hartmann et al., 2014], i.e. the disconnection of 174 
the topsoil from the source material by soil thickness development, is not explicitly included 175 
as this is not a primary issue for the relatively young post-glacial soils of northern Europe. 176 
However, the first-order approximation of declining Pweath and 𝐵𝐶𝑤𝑒𝑎𝑡ℎ stock to some degree 177 
simulates a disconnecting effect over time.  Vegetation and mycorrhizal fungi are recognized 178 
to have an influence on weathering processes, through the action of root exudates and 179 
nutrient seeking hyphae [Berner, 1992; Knoll and James, 1987; Moulton and Berner, 1998; 180 
Moulton et al., 2000; Pennington, 1984; Quirk et al., 2012; L Taylor et al., 2009; L L Taylor 181 
et al., 2012; Volk, 1987]. However, biota enhanced weathering was omitted here, as the 182 
extent to which weathering is controlled by biological activity and the manner in which this 183 
should be represented is still under debate.  184 
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Whereas P from weathering is intrinsic to the N14CP modelling (see Section2.1.3.), the 185 
weathering of BCs is only included to allow estimation of the soil water pH, which acts as a 186 
control on various soil processes (Section 2.1.3.).  Neither the long-term accumulation of BCs 187 
by adsorption to soil solids nor their uptake into plants is simulated.   188 
2.1.3. Soil pH in N14CP 189 
Soil pH is added to the N14CP model, and is calculated annually from (a) the atmospheric 190 
depositional inputs of sulphate and BCs, (b) weathering inputs of BCs (eqn. 2), (c) simulated 191 
fluxes of inorganic N (assumed to be nitrate) and DOM, and (d) soil pCO2 (see Section 192 
S1.5). The pH-dependence of soil processes is quantified by a factor 𝛼𝑝𝐻 given by: 193 
 𝛼𝑝𝐻 = (1 + (
[𝐻+]
𝐾𝑎𝑐𝑖𝑑
)
𝑛𝑎𝑐𝑖𝑑
)
−1
                 (3) 194 
The values of 𝐾𝑎𝑐𝑖𝑑  and 𝑛𝑎𝑐𝑖𝑑  are defined such that this function allows for a variety of 195 
curves where 𝛼𝑝𝐻  varies between 0 and 1, increasing with pH. This approach is used to 196 
modify the decomposition of organic matter and the immobilization of N and P by OM (eqns. 197 
10 and 12).   198 
2.1.4. Phosphorus pools 199 
Phosphorus pools are added to the N14C model to form N14CP as illustrated in Figure 1. 200 
Biomass P pools are linked to those of C and N, and C:N:P stoichiometries are defined for 201 
each PFT. A decomposing coarse litter P pool and soil organic phosphorus (SOP) pool are 202 
simulated alongside C and N and are subject to the same turnover rate constants i.e. the rate 203 
constants apply to SOM rather than C, N and P separately. There is no explicit speciation of 204 
organic P, although the three SOM fractions implicitly represent organic P fractions with 205 
differing turnovers. The factor 𝛼𝑝𝐻 is used to modify the decomposition rate 206 
A topsoil pool 𝑃𝑠𝑜𝑟𝑏  represents inorganic phosphorus sorbed to soil mineral surfaces,  207 
encompassing both occluded and non-occluded P. Sorption and desorption of inorganic P 208 
from 𝑃𝑠𝑜𝑟𝑏 are determined by the parameters 𝑘𝑠𝑜𝑟𝑏 and 𝑘𝑑𝑒𝑠𝑜𝑟𝑏, first-order rate constants that 209 
relate  𝑃𝑠𝑜𝑟𝑏  to the dissolved excess inorganic P following growth 𝑃𝑒𝑥𝑐𝑒𝑠𝑠 i.e.: 210 
Δ𝑃𝑠𝑜𝑟𝑏 = 𝑘𝑠𝑜𝑟𝑏𝑃𝑒𝑥𝑐𝑒𝑠𝑠         (4) 211 
Δ𝑃𝑑𝑒𝑠𝑜𝑟𝑏 = 𝑘𝑑𝑒𝑠𝑜𝑟𝑏𝑃𝑠𝑜𝑟𝑏        (5) 212 
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We did not attempt to modify P sorption, because its complex pH dependence (mid-range pH 213 
minimum; [Weng et al., 2011]) precluded extraction of meaningful parameters from field 214 
data. A second sorbed P pool, subject to the same dynamics, is simulated in the subsoil layer 215 
alongside P in a subsoil SOP pool with one turnover rate. 216 
2.1.5. N14CP plant growth 217 
P is included as a limiting factor to plant growth alongside N, temperature and precipitation 218 
within a law-of-the-minimum approach. The potential net primary production (𝑁𝑃𝑃𝑝𝑜𝑡) in the 219 
model is determined, as in N14C. The actual net primary productivity (𝑁𝑃𝑃𝑎𝑐𝑡 ) is then 220 
calculated by taking nutrient limitation into account i.e. the NPP is calculated based on N 221 
availability and P availability separately, and then the lower equates to 𝑁𝑃𝑃𝑎𝑐𝑡. P availability 222 
for plant growth is defined: 223 
𝑃𝑎𝑣𝑎𝑖𝑙 = ∆𝑃𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 + ∆𝑃𝑑𝑒𝑐𝑜𝑚𝑝 + ∆𝑃𝑟𝑜𝑡 + ∆𝑃𝑑𝑒𝑠𝑜𝑟𝑏 + ∆𝑃𝑤𝑒𝑎𝑡ℎ + ∆𝑃𝐷𝑂 + 𝑃𝑐𝑙𝑒𝑎𝑣𝑒 (6) 224 
Where ∆𝑃𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑  is the P that was remobilized and retained within the plant before the 225 
previous litterfall, ∆𝑃𝑑𝑒𝑐𝑜𝑚𝑝  and ∆𝑃𝑟𝑜𝑡 are the inorganic P released from decomposition of 226 
the SOM and coarse litter pool respectively, ∆𝑃𝐷𝑂 is the dissolved organic P, and 𝑃𝑐𝑙𝑒𝑎𝑣𝑒 are 227 
the organic forms of P that may be accessible to plants through cleaving of bonds by 228 
extracellular phosphatase enzymes [McGill and Cole, 1981; Olander and Vitousek, 2000; 229 
Rowe et al., 2008]. To ensure that including this source does not deplete the SOM reservoir 230 
unrealistically (i.e. beyond the range of soil N:P observations), the P which may be cleaved 231 
from the SOM is assumed to be limited by a maximum C to P ratio, [𝐶: 𝑃]𝑓𝑖𝑥𝑙𝑖𝑚 as follows: 232 
𝑃𝑐𝑙𝑒𝑎𝑣𝑒 = 𝑃𝑆𝑂𝑀 −
𝐶𝑆𝑂𝑀
[𝐶:𝑃]𝑓𝑖𝑥𝑙𝑖𝑚
                  (7) 233 
The sources of P to plant growth in eqn. 5 are used preferentially in their order of listing i.e. P 234 
retained within the plant is used first, then readily available inorganic P in soil water is used 235 
(∆𝑃𝑑𝑒𝑐𝑜𝑚𝑝 + ∆𝑃𝑟𝑜𝑡 + ∆𝑃𝑑𝑒𝑠𝑜𝑟𝑏 + ∆𝑃𝑤𝑒𝑎𝑡ℎ), followed by less accessible organic forms ∆𝑃𝐷𝑂 236 
and 𝑃𝑐𝑙𝑒𝑎𝑣𝑒  from the SOM only where the P requirement indicated by the potential NPP 237 
exceeds the retained and inorganic sources. 238 
2.1.6. Phosphorus-dependent nitrogen fixation 239 
It is widely assumed that N fixation is to some extent controlled by P availability [Cleveland 240 
et al., 1999; Crews et al., 2000; Eisele et al., 1989; Vitousek et al., 2010], and to reflect this a 241 
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simple functional relationship between N fixation and P availability is included in N14CP. 242 
Attempting to explicitly represent the specific availability of P to particular N fixing 243 
organisms over time and space would be overly detailed in comparison to other process 244 
representation in the model. As such, a simple relationship between the overall amount of P 245 
in plant/microbe available forms and N fixation is made, minimizing the additional number of 246 
parameters needed. The overall amount of P in plant/microbe available forms 𝑃𝑓𝑖𝑥𝑎𝑣𝑎𝑖𝑙  is 247 
defined equal to 𝑃𝑎𝑣𝑎𝑖𝑙   (eqn. 5), minus the plant retained P, which is used only for plant 248 
growth. N fixation is then assumed to take the following form: 249 
∆𝑁𝑓𝑖𝑥 = 𝑁𝑓𝑖𝑥𝑚𝑎𝑥
𝑘𝑁𝑓𝑖𝑥𝑃𝑓𝑖𝑥𝑎𝑣𝑎𝑖𝑙
𝑘𝑁𝑓𝑖𝑥𝑃𝑓𝑖𝑥𝑎𝑣𝑎𝑖𝑙+1
− ∆𝑁𝑑𝑒𝑝(1 − 𝑓𝑑𝑒𝑝,𝑏𝑦𝑝𝑎𝑠𝑠)              (8) 250 
Where 𝑁𝑓𝑖𝑥𝑚𝑎𝑥 is a temperature-dependent value determining the maximum fixation, 𝑘𝑁𝑓𝑖𝑥 is 251 
a constant controlling the degree to which P availability limits fixation, 𝑓𝑑𝑒𝑝,𝑏𝑦𝑝𝑎𝑠𝑠 controls 252 
the fraction of deposition that makes sustained contact with the topsoil. 253 
Adding this dependency of N fixation on P availability means that, whilst a Law-of-the-254 
Minimum approach is taken to calculating NPP, co-limitation can develop in the modelled 255 
system as advocated by Danger et al. [2008], through P limitation of N fixation. 256 
2.1.7. Immobilization processes 257 
In the N14C model [E Tipping et al., 2012], if there was an excess of N after growth 258 
(∆𝑁𝑒𝑥𝑐𝑒𝑠𝑠), then this would be available for immobilization into the SOM such that: 259 
∆𝑁𝑖𝑚𝑚𝑜𝑏 = 𝑘𝑖𝑚𝑚𝑜𝑏𝑁∆𝑁𝑒𝑥𝑐𝑒𝑠𝑠𝐶𝑆𝑂𝑀𝑄10
𝑇/10
      (9) 260 
where 𝑘𝑖𝑚𝑚𝑜𝑏𝑁 is the immobilization factor. This has been extended here to include a pH 261 
effect and stoichiometric effect such that: 262 
∆𝑁𝑖𝑚𝑚𝑜𝑏 = 𝑘𝑖𝑚𝑚𝑜𝑏𝑁∆𝑁𝑒𝑥𝑐𝑒𝑠𝑠𝐶𝑆𝑂𝑀𝑄10
𝑇/10
𝛼𝑝𝐻𝛼𝐶:𝑁              (10) 263 
Where 𝛼𝑝𝐻 is a scalar that varies with pH as defined in equation 12, and 𝛼𝐶:𝑁 is a scalar that 264 
varies with current SOM C:N such that 𝛼𝐶:𝑁 is 0 below a C:N threshold [C: N]im,lower, 1 265 
above a C:N threshold [C: N]im,upper and a linear approximation between these thresholds: 266 
 𝛼𝐶:𝑁 = (
𝐶𝑆𝑂𝑀
𝑁𝑆𝑂𝑀
−[C:N]im,lower
[C:N]im,upper−[C:N]im,lower
)                         (11) 267 
where: 268 
 10 
 
 [C: N]im,lower <
𝐶𝑆𝑂𝑀
𝑁𝑆𝑂𝑀
< [C: N]im,upper 269 
A proportionality constant 𝛽𝑖𝑚𝑚𝑜𝑏𝑃:𝑁 is combined with the N immobilization constant so that 270 
P immobilization is defined: 271 
 ∆𝑃𝑖𝑚𝑚𝑜𝑏 = 𝛽𝑖𝑚𝑚𝑜𝑏𝑃:𝑁𝑘𝑖𝑚𝑚𝑜𝑏𝑁∆𝑃𝑒𝑥𝑐𝑒𝑠𝑠𝐶𝑆𝑂𝑀𝑄10
𝑇/10
𝛼𝑝𝐻𝛼𝐶:𝑃                       (12) 272 
Where 𝛼𝐶:𝑃 takes the same form as 𝛼𝐶:𝑁 (equation 11), but using C:P thresholds. Using a 273 
multiplier in this way relates the P immobilization rate constant to the N immobilization rate 274 
constant for each PFT using only one parameter. 275 
2.1.8. Phosphorus losses 276 
Phosphorus is lost from the topsoil by the leaching of any Pinorg that remains after plant 277 
uptake, immobilization and sorption. A fraction of this excess Pinorg enters the subsoil (Figure 278 
1), where further sorption and desorption processes take place as in equation 4. Desorbed 279 
subsoil Pinorg is subsequently leached. Phosphorus is also lost from the topsoil in DOP, 280 
proportioned to DOC by the C:P stoichiometry of the SOM pools. As with DOC, some of the 281 
DOP accumulates in the subsoil.  282 
2.2. Data for model parameterization and testing 283 
Field site data comprising soil organic C, N and P pools, pH, and dissolved organic and 284 
inorganic element fluxes were compiled to calibrate and test the N14CP model (Tables S3-5). 285 
Measurements from broadleaf, coniferous, shrub and herbaceous semi-natural habitats were 286 
collated for 88 sites within northern Europe (Figure 2). Care was taken to create a dataset 287 
with equal numbers of the four PFTs, and encompassing a range of temperatures and soil pH. 288 
All sites have soil organic C and N measurements and soil pH, whilst 34 of the sites also have 289 
soil organic P data. The dataset was then split into two sets of 44 sites: one for model 290 
calibration, and one for model testing. Again, care was taken to ensure that the two sets had 291 
balanced numbers of PFTs, and were representative of the range of climate and soil 292 
conditions. All the data pertain to the topsoil (0-15cm), so topsoils are focused on in the 293 
model analysis and results. 294 
All sites were simulated from 10000 BC, which is roughly the end of the last glaciation for 295 
northern Europe. It is assumed that at this time there was neither soil nor plant cover. Site 296 
conditions, including contemporary MAT, MAP, N, sulfur (S) and BC deposition were 297 
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compiled for each site. Site MAT was temporally varied using an anomaly based on [Davis et 298 
al., 2003]. MAP was kept constant over the whole time period due to a lack of information on 299 
historical trends. Atmospheric deposition of N and S before 1800 was assumed to be zero i.e. 300 
pristine conditions without anthropogenic inputs were assumed. Whilst there were external 301 
inputs of N from lightning during this period, we estimate the magnitude of these to be in the 302 
region of 0.003-0.015 g m
-2 
a
-1
 based on [Shepon et al., 2007] and [Schumann and 303 
Huntrieser, 2007]. These are small compared with rates of N fixation and so is neglected. 304 
Other natural sources of N, such as fires and soil NOx were ignored as these were not net 305 
exogenous inputs of N. Post 1800, the N, and S deposition (∆𝑁𝑑𝑒𝑝 and  ∆𝑆𝑑𝑒𝑝) were assumed 306 
to follow the temporal anomaly suggested by [Schöpp et al. [2003]] and BC deposition 307 
(∆𝐵𝐶𝑑𝑒𝑝) followed a trend based on [Majer et al., 0001]. These temporal trends were scaled 308 
to match contemporary observations available for each site modelled (Table S4 in the SI). 309 
Scavenging due to tree cover in included in the local measurements. Atmospheric P 310 
deposition was neglected as Tipping et al. [2014] have shown that there is no systematic 311 
variation of P deposition across Europe, and local re-distribution of P determines local gains 312 
and losses [Tipping et al., 2014]. There is a net input of P to northern Europe from dust 313 
sources such as the Sahara [Mahowald et al., 2008]. However, this input is small in 314 
comparison to weathering inputs, and given the uncertainty that surrounds further 315 
assumptions which would need to be made regarding historical changes in dust sources over 316 
the Holocene this source was assumed to be negligible. 317 
A number of land use histories were defined for different geographical locations and land use 318 
types based on the characteristic timings of succession from herbaceous to wooded plant 319 
types following de-glaciation (that is if succession occurred at all) and woodland clearance 320 
dates. These are detailed within the SI, Table S5. 321 
Representative radiocarbon contents of topsoils were assigned on the basis of vegetation 322 
cover: forested sites have been shown to have significantly higher radiocarbon values i.e. 323 
greater contents of recently-fixed C, than those of non-forested soils [Bol et al., 1999; R T E 324 
Mills et al., 2014; Tipping et al., 2010; E. Tipping et al., 2012]. Following R T E Mills et al. 325 
[2014], we assumed mean SO
14
C of 111.7 and107.9% modern for forest soils in 1971 and 326 
2004 respectively. For non-forested soils, a mean SO
14
C of 99.1% modern for 2006 was 327 
assumed and for all sites a DO
14
C value of 109% modern for 2006 was adopted. 328 
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In the absence of measured values, a representative DOC:DOP ratio of 870 g g
-1
 was adopted,  329 
based on literature values [Kaiser et al., 2003; Lottig et al., 2012; McGroddy et al., 2008; 330 
Qualls and Haines, 1991; Yanai, 1992]. The contemporary inorganic P leaching (∆𝑃𝑖𝑛𝑜𝑟𝑔) 331 
“target” for parameterisation was taken to be zero, but this does not mean that inorganic P 332 
leaching is prevented, rather that the present-day flux is constrained to be small. 333 
PFT properties including: the ratio of coarse to fine plant tissues; the stoichiometric C, N and 334 
P contents of these tissues; and parameters determining litterfall characteristics; were set, as 335 
shown in Table S6 based on the sources detailed in the SI. 336 
2.3. Model parameter sensitivity 337 
Where possible, parameters were set based on literature values and parameters for processes 338 
shared by N14C and N14CP were assigned in keeping with E Tipping et al. [2012] (Table 339 
S2). The weathering rates  𝑘𝑃𝑤𝑒𝑎𝑡ℎ and 𝑘𝐵𝐶𝑤𝑒𝑎𝑡ℎ were set in accordance with Boyle et al. 340 
[2013] to 2.5×10
-4
 and 6.3×10
−5
 respectively based on an analysis of lake sediment records 341 
and soil chronosequences. The initial base cation pool, BCweath0, was estimated from 342 
contemporary pH measurements. The present day flux of BCs needed to provide the correct 343 
pH was calculated, utilizing site or mean levels of DOC and inorganic N leaching, and the 344 
site based N and S deposition. This flux was then used to determine the weathering pool 345 
needed at this date. A back calculation was then made to project this pool back to the initial 346 
condition, based on the known historical temperature.   347 
There remain 10 parameters associated with the new process representations to be defined: 348 
𝛽𝑖𝑚𝑚𝑜𝑏𝑃:𝑁 , 𝑓𝐷𝑂 ,  𝐾𝑎𝑐𝑖𝑑 , 𝑁𝑎𝑐𝑖𝑑 , 𝑘𝑃𝑠𝑜𝑟𝑏 ,  𝑘𝑃𝑑𝑒𝑠𝑜𝑟𝑏 , 𝑘𝑁𝑓𝑖𝑥 , [𝐶: 𝑃]𝑙𝑜𝑤𝑒𝑟 ,  [𝐶: 𝑃]ℎ𝑖𝑔ℎ−𝑙𝑜𝑤 , and 349 
[𝑃: 𝐶]𝑙𝑖𝑚.  In addition, a parameter was required to characterize the variation of 𝑃𝑤𝑒𝑎𝑡ℎ0.  As 350 
will be explained in Section 3, after exploring the use of a constant value for 𝑃𝑤𝑒𝑎𝑡ℎ0, and 351 
attempting to relate 𝑃𝑤𝑒𝑎𝑡ℎ0  to lithological and soil data for the different sites, the best 352 
approach we could find for parameterizing the present data set was to distinguish two sets of 353 
soils, podzols and rankers on the one hand, and all remaining soil types on the other.  The 354 
adjustable parameter then was 𝑃𝑤𝑒𝑎𝑡ℎ0 for podzols and rankers, with a constant multiplier 355 
used to obtain 𝑃𝑤𝑒𝑎𝑡ℎ0 for the other soils.     356 
We performed a sensitivity analysis to establish which of the 11 parameters have the most 357 
influence on the outputs of the model that can be compared against the observations, thus 358 
indicating which parameters are most worth exploring and which are insensitive and can be 359 
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set.  The elementary effects method [Campolongo et al., 2007], which considers parameter 360 
interactions, was used within the sensitivity analysis. The methodology, applications and 361 
results are described further in the SI (Section S2). Overall, the most influential parameters 362 
on the outputs are, in order of sensitivity: the fraction of adsorption of P onto mineral 363 
surfaces (𝑘𝑃𝑠𝑜𝑟𝑏); the factor which controls the fraction of C, N and P from decomposition 364 
which is lost in a dissolved organic form (𝑓𝐷𝑂); the initial pool of weatherable P (𝑃𝑤𝑒𝑎𝑡ℎ0); 365 
and the parameter relating N fixation to available P (𝑘𝑁𝑓𝑖𝑥). The least influential parameters 366 
are [𝐶: 𝑃]𝑙𝑜𝑤𝑒𝑟,  [𝐶: 𝑃]ℎ𝑖𝑔ℎ−𝑙𝑜𝑤 and [𝑃: 𝐶]𝑙𝑖𝑚. 367 
As a result of this analysis 𝑘𝑃𝑠𝑜𝑟𝑏 , 𝑓𝐷𝑂 , 𝑃𝑤𝑒𝑎𝑡ℎ0,  𝑘𝑁𝑓𝑖𝑥 , 𝛽𝑖𝑚𝑚𝑜𝑏𝑃:𝑁 ,  𝐾𝑎𝑐𝑖𝑑 , and 𝑁𝑎𝑐𝑖𝑑  were 368 
explored within the parameterization and [𝐶: 𝑃]𝑙𝑜𝑤𝑒𝑟 ,  [𝐶: 𝑃]ℎ𝑖𝑔ℎ−𝑙𝑜𝑤  and [𝑃: 𝐶]𝑙𝑖𝑚  were 369 
fixed a priori. Although 𝑘𝑃𝑑𝑒𝑠𝑜𝑟𝑏  was shown to have little influence on the majority of 370 
observable outputs, it was also explored within the parameterization as it is the most sensitive 371 
parameter in determining the inorganic P leaching flux and it is coupled closely to 𝑘𝑃𝑠𝑜𝑟𝑏. 372 
2.4. Model parameterization and testing 373 
Half of the sites contained within the dataset described in Section 2.2 were used for 374 
parameterization, leaving half for blind testing. For the parameterization sites a cost function 375 
to assess the performance of the parameter set was constructed using observations of SOC, 376 
SON, SOP pools, soil C:N and N:P, DOC, DON  and inorganic N leaching. In addition, non-377 
site-specific values of NPP, SO
14
C, DO
14
C, DOC:DOP and ∆𝑃𝑖𝑛𝑜𝑟𝑔 (as described in 2.2.) 378 
were also used within this function. Multiple local searches were used to set well-constrained 379 
parameters, and a global search used to set less well-constrained parameters. Further details 380 
of the methodology are given in SI, Section S2.2. The general parameter set obtained by this 381 
procedure was subsequently tested against data from the remaining 44 sites.  382 
A second parameterization exercise was undertaken where 𝑃𝑤𝑒𝑎𝑡ℎ0 was varied on a site by 383 
site basis for all the sites within the dataset, whilst all other parameters were kept at their 384 
generalized values. For each site, 𝑃𝑤𝑒𝑎𝑡ℎ0 was systematically varied between 50 and 1000 g 385 
m
-2
, since these values gave initial and contemporary P weathering rates in the range 0.75 to 386 
150 kg km
-2
 a
-1
, covering the range of values (1.5 to 85 kg km
-2
 a
-1
) estimated by [Hartmann 387 
et al., 2014]. The site-specific observations of SOC, SON, SOP pools, soil C:N, DOC, DON  388 
and inorganic N leaching were then used within a cost function to calibrate 𝑃𝑤𝑒𝑎𝑡ℎ0 for each 389 
site (S2.3 details this further).  390 
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3. Results 391 
3.1 N14CP Model parameterization and testing 392 
Preliminary trials with N14CP showed that the simulated contemporary soil organic P pool 393 
(𝑃𝑆𝑂𝑀), depended strongly upon the value of 𝑃𝑤𝑒𝑎𝑡ℎ0, as must be expected for soils of similar 394 
age assumed to have undergone the same development processes with respect to the different 395 
P pools.  Therefore, we sought a predictor of  𝑃𝑤𝑒𝑎𝑡ℎ0 correlated to the measured 𝑃𝑆𝑂𝑀, which 396 
ranged from 10 to 80 g m
-2
.  We explored the use of globally-mapped lithological data 397 
[Hartmann and Moosdorf, 2011; 2012; Hartmann et al., 2012; Hartmann et al., 2014; 398 
Xiaojuan Yang et al., 2013], but no correlation with PSOM was found using either rock P 399 
concentration or P weathering rate (r
2
 = 0.0, n = 47 in both cases).  Secondly, we considered 400 
soil types, and found that the average 𝑃𝑆𝑂𝑀 for the podzols and rankers with measured 𝑃𝑆𝑂𝑀 401 
(n = 21) was significantly lower (p < 0.02), by a factor of 1.7, than the average for other soil 402 
types (n = 26).  We used this finding in the general modelling to distinguish  𝑃𝑤𝑒𝑎𝑡ℎ0 among 403 
sites, parameterizing the value for podzols.     404 
The general parameter set is given in Table 3, and model results are plotted against 405 
observations for the 44 parameterization and 44 testing sites in Figure 3 (left and middle 406 
columns respectively). The general model reproduced mean observed variables satisfactorily 407 
for both the parameterization and test sites, however, all r
2
 values in both cases were zero or 408 
close to zero (means, r
2
 values and root means square errors are reported in Figure 3). There 409 
were positive correlations between observations and modeled values for soil C, N and P, the 410 
soil C:N ratio, and DON, although none were significant. There were no correlations between 411 
the observed and modelled DOC and dissolved inorganic N fluxes. For the test data set, 412 
correlations between observed and modelled soil C, N and P were weakened, but the 413 
correlations for inorganic N leaching and soil C:N ratio were strengthened, and were 414 
significant (p<0.05 and p<0.005  respectively). Root mean squared errors (RMSE) between 415 
observations and predictions did not systematically decrease between parameterization and 416 
test sites. Overall, there was not a consistent degradation in model performance between 417 
parameterization and testing. 418 
The right-hand column of Figure 3 shows that model performance across soil nutrient pools 419 
was markedly improved by allowing 𝑃𝑤𝑒𝑎𝑡ℎ0 to vary on a site-by-site basis, as described in 420 
Section 2.4.  Correlations between modelled and observed outputs were increased, and all 421 
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were significant (p<0.001). The intercepts of these correlations were also reduced bringing 422 
the results closer to the one-to-one line. Positive r
2
 values were produced for the C, N and P 423 
soil pools by the 𝑃𝑤𝑒𝑎𝑡ℎ0 site calibrated results, and RMSE values were reduced. 424 
The resultant site-specific 𝑃𝑤𝑒𝑎𝑡ℎ0 values were log-normally distributed between 50 and 720 425 
g m
-2
 with a geometric mean of 145 g m
-2 
(Figure S5). As expected, a strong (r
2
 = 0.60, p < 426 
0.001) positive correlation is found between site-specific 𝑃𝑤𝑒𝑎𝑡ℎ0 and measured PSOM.  The 427 
mean site-specific 𝑃𝑤𝑒𝑎𝑡ℎ0 value for podzols and rankers is lower than the mean for other 428 
soils, by a factor of 1.2, in line with the observed difference in topsoil PSOM between these 429 
soil groups. However the difference was not significant (p>0.25). No relationship of site-430 
specific 𝑃𝑤𝑒𝑎𝑡ℎ0 with pH (r
2
 = 0.03, p > 0.1) was found, nor with PFT, nor geographical 431 
location (Figure S5).   432 
3.2 Time series results 433 
Using generalized parameter set, we examined general temporal trends in system C, N and P 434 
using four generic sites (one for each PFT), driven by median climate and deposition 435 
forcings. The soil type was set to podzolic for each of the four sites. Figures 4-6 give results 436 
for these generic sites.  437 
The calculated initial accumulation rates of C, N and P are such that the C pool took 438 
approximately 4000 years to reach 1000 g m
-2 
(Figure 4), which is appreciably slower than 439 
found in most chronosequence or recolonization studies [Anderson, 1977; Jones et al., 2008; 440 
Mavris et al., 2010; Phillips et al., 2008; Richardson et al., 2004]. This may reflect 441 
underestimation of the N fixation rate under early conditions, because our modelling of N 442 
fixation, dependent only upon P availability and temperature (eqn. 11), is too simple, for 443 
example neglecting early colonization by N-fixers [S K Schmidt et al., 2008].  However, 444 
contemporary early soil formation may be influenced by neighboring [Anderson, 1977], N 445 
deposition [Jones et al., 2008] and higher temperatures and therefore not be directly 446 
comparable to conditions following deglaciation. Nonetheless, the C, N and P pools 447 
subsequently build up to reach realistic levels by 5000 BP (i.e. 3000 BC), after which they 448 
change only slowly, although true steady states are not attained.   449 
Between 1800 and 2000, the increasing influence of anthropogenic atmospheric N deposition 450 
caused 1.9 to 3.3-fold increases in NPP attributable to elevated N deposition (Figure 4). 451 
Likewise topsoil C pools increase 1.25 to 2 times and topsoil N pools increase 1.2-1.8 times 452 
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over this period. Topsoil P declines, however, as elevated N deposition alleviates N limitation 453 
of NPP and increasing quantities of P are acquired from the SOM to support this growth. 454 
Also, larger pools of C and N in the soil lead to greater production of DOM, given the 455 
constant turnover rates. As such, there is also a contemporary rise in P loss via DOP.  456 
Comparing the PFTs, the N14CP model shows marked differences in SON between tree and 457 
non-tree plant types, with lower soil N under trees. This is attributable to the larger biomass 458 
pools of N and P in the tree PFTs within the model. The difference between tree and non-tree 459 
PFTs is also borne out in the field data, with topsoil organic N pools being significantly 460 
higher in shrub and herbaceous sites than broadleaf and deciduous sites (p < 0.001), with 461 
means of 438 g-N m
2
 and 316 g-N m
2
 respectively. The modelled broadleaf site (Figure 4) 462 
shows the strongest response to the elevated N deposition as this site receives the most 463 
deposition (the PFT N deposition median is highest for broadleaf sites), and subsequently has 464 
the biggest increase in plant available N (Figure 4). The response in topsoil N:P in broadleaf 465 
ecosystems is particularly marked, as an amplifying effect is seen as topsoil is enriched by 466 
deposition and P in the SOM is reduced as plants start to acquire P from this source for 467 
growth to stoichiometrically match the increasing N. 468 
Comparing the results in Figure 4 to those of the C-N model of N14C [E Tipping et al., 469 
2012], generally the effects of N deposition on NPP and soil pools are of similar magnitudes. 470 
The pre-modern N fixation rate assumed in N14C based on literature values falls within the 471 
upper end of the range of N fixation rates simulated in N14CP. A rate of 0.3 g m
-2
 was used 472 
in N14C, and the rate in N14CP is 0.17-0.21 g m
-2
 (Figure 4) and 0.27-0.35 g m
-2
 for 473 
podzol/rankers and non-podzol/rankers respectively, as determined by the parameterization. 474 
3.2.1. Phosphorus dynamics 475 
At the start of the simulation all the P is in weatherable rock (Figure 5), and this source 476 
diminishes owing to leaching losses of Pinorg and DOP over time, so that the present total P 477 
pool is about 50% of the initial one.   The temporal changes in soil P pools are in line with the 478 
findings of TW Walker and Syers [1976] and Buendía et al. [2010].  Initially, weathered P is 479 
mainly transferred to the sorbed pool, then the organic pool develops along with the biomass 480 
and soil N pools. The vegetation then diverts P from sorbing to soil surfaces, and by modern 481 
times the majority of P is stored within the SOP, as is observed for young temperate soils.  482 
However, as N availability increases with modern day N deposition, more available P is taken 483 
up in growth increasing the total P held within the vegetation pools. As plants can access P in 484 
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SOP within the model if there is sufficient N, then there is a reduction in SOP.  It is also 485 
evident in these plots that, over long timescales, the rate of loss in P is declining. Dissolved 486 
inorganic leaching fluxes of P peak and decline in line with the soil inorganic P pool (Figure 487 
6). The DOP initially increases with SOP. However, between 4000 and 2000 BC the 488 
vegetation starts accessing the DOP for growth, creating a decline in the DOP leaching rate 489 
from 4000 BC to 1800 AD.  490 
If a non-podzol/ranker soil is assumed then the initial pool of weatherable P is larger, 491 
resulting in larger topsoil organic C, N and P pools in the order of 10-20% for C, 20-50% for 492 
N and 65-140% for soil P. These larger pool sizes are attributable to long term changes in N 493 
fixation rather than increased P availability in the short term i.e. contemporary NPP is not 494 
significantly increased (0.1-3%). This indicates that the sensitivity of contemporary soil C, N 495 
and P pools to the P weathering source results from the links made between N fixation and P 496 
availability. 497 
 498 
4. Discussion 499 
4.1. Weatherable P as a control on soil C, N and P  500 
Fundamental to the development of these ecosystems is the weathering input of P, which not 501 
only acts as a plant nutrient but also affects biomass and carbon accumulation through its 502 
influence on N fixation. The results from site-specific variation of 𝑃𝑤𝑒𝑎𝑡ℎ0 (Figure 3, right 503 
hand column) demonstrate its strong effects on predicted contemporary soil C, N and P pools.  504 
When 𝑃𝑤𝑒𝑎𝑡ℎ0 is allowed to vary within sensible ranges for rock P content and P weathering 505 
fluxes, the improvements in the prediction of soil C and N, as well as soil P, are striking. This 506 
dynamic ecosystem modelling has quantitatively produced behaviors that agree with the 507 
deductions made on the basis of soil C, N and P concentrations by Walker and colleagues [T. 508 
Walker and Adams, 1958; TW Walker and Syers, 1976] regarding the key influence of P on 509 
the biogeochemical cycles of C and N, and on soil fertility.   510 
In making comparisons of our estimates of Pweath0 and P weathering rates with lithologically-511 
based data [Hartmann and Moosdorf, 2011; 2012; Hartmann et al., 2012; Hartmann et al., 512 
2014; Xiaojuan Yang et al., 2013], it needs to be borne in mind that because our model 513 
involves the dissolution of a specified amount of apatite, the weatherable pools and fluxes 514 
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change over time, as in the conceptual model of TW Walker and Syers [1976]. Thus, our 515 
analysis produces an average contemporary P weathering rate of about 0.003 g m
-2
 a
-1
, while 516 
the initial rate was about 10 times higher. A different approach to the estimation of P 517 
weathering inputs is from the approach of Hartmann and Moosdorf [2012] who estimated 518 
them by combining the hydrochemical flux of Si (assumed not to be significantly affected 519 
soil processes) with P/Si rock ratios. From the mapped GLiM lithology [Hartmann and 520 
Moosdorf, 2012] and P weathering data by rock type [Hartmann et al., 2014], an average 521 
weathering input of P at our field sites of about 0.012 g m
-2
 a
-1
 is obtained. This is bracketed 522 
by our initial and contemporary fluxes, and so the independent approaches (modelling and 523 
hydrogeology) yield order-of-magnitude agreement. 524 
However, the site-specific model-derived weathering rates do not correlate with the 525 
lithologically-based values (r
2
 = 0.0, p > 0.7, n = 84), which precludes the use of the latter in 526 
our modelling. The lack of correlation is perhaps not surprising given that the lithological 527 
mapping, although high resolution in global terms, is coarse at the scales of our sites. The 528 
average GLiM polygon has an area of c. 400 km
2
, providing considerable scope for 529 
lithological and P source heterogeneity. The higher resolution of soil mapping, and the 530 
tendency of soil type to reflect parent mineral properties, probably explain the modest 531 
predictive power obtained by putting the sites into two classes (podzols/rankers and other 532 
soils), but we note that the significant difference between the two classes does not apply for 533 
the site-specific 𝑃𝑤𝑒𝑎𝑡ℎ0 values. Neither did we find any significant variation of 𝑃𝑤𝑒𝑎𝑡ℎ0 with 534 
geographical location, PFT or pH.  Thus, currently available data sets offer little possibility of 535 
predicting P weathering or 𝑃𝑤𝑒𝑎𝑡ℎ0, and associated spatial variability in soil C and N pools 536 
and ecosystem productivity. Predictive modelling is therefore restricted to average conditions 537 
over many sites, as in the first two columns of Fig 4. Systematic research is required to 538 
characterize field sites on soils with selected parent materials varying in P content, and then 539 
combine the results with dynamic modelling using N14CP and other models. 540 
4.2. Nutrient limitations to plant productivity 541 
In the model, NPP at all 88 sites was nutrient limited, rather than temperature or precipitation 542 
limited. The sites were predominantly N limited. Only one site was P limited for results using 543 
the general 𝑃𝑤𝑒𝑎𝑡ℎ0 values, rising to 15 P limited sites when using the site-specific 𝑃𝑤𝑒𝑎𝑡ℎ0. 544 
Of the P-limited sites for the latter, there was no dominance of vegetation type or 545 
geographical location, however, the soils were predominantly podzolic (11 out of 15). 546 
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Interestingly, the mean N deposition to the P limited sites was significantly higher than that to 547 
the non-P limited sites (p < 0.05) and the observed N pools were also found to be 548 
significantly lower (p < 0.001). This suggests that the site-specific calibration of 𝑃𝑤𝑒𝑎𝑡ℎ0 has 549 
attributed low P availability to sites where observation of soil N are low given the level of N 550 
deposition, thus limiting development of soil N. This may actually be the case, or it is 551 
possible that the N deposition estimate for these sites is too high or soil observation of N is 552 
uncharacteristically low. It is also possible that the model has not sufficiently captured the 553 
cause of difference between sites. Only three of the P-limited sites have soil organic P 554 
observations, so it is difficult to determine whether the model is falsely predicting low P in 555 
these cases. However, for the three observations that were available, one site has lower 556 
modeled topsoil organic P (by 60%) and the other two have higher modeled topsoil organic P 557 
(by 17% and 48%), indicating that the model is not consistently underestimating P to account 558 
for a lack of N. 559 
In N14CP, plant uptake of inorganic N and P is prioritised over their immobilisation into 560 
SOM, and as a result, for the N-limited systems that make up the great majority of our field 561 
sites, all available inorganic N is used for plant growth during the growing season, and (net) 562 
immobilisation occurs only during the non-growing season. This allows plant stoichiometric 563 
requirements for nutrients to be met and sensible values of NPP to be achieved, while the 564 
SOM can sequester N in the long term. Plainly, nutrient immobilization by microbes must 565 
actually occur during the growing season, but the implication is that recycling results in no 566 
net immobilization.  As explained by Kaye and Hart [1997] this situation can arise because 567 
“even if plants/mycorrhizae are relatively unsuccessful competitors for N during individual 568 
competition events, they can accumulate N for growth by competing several times for the 569 
same N atom and then storing N in plant tissues”.  Thus at the quarterly time-step employed 570 
in N14CP, the simplifying assumption that plants have priority for nutrients during the 571 
growing season can be justified, and we assume it applies to both N and P. Consequential 572 
simulation outcomes are (a) zero inorganic N leaching rates from topsoil during the growing 573 
season, and (b) the removal (partial to nearly complete) of atmospherically-deposited N by 574 
the ecosystem.  These predictions are in broad agreement with observed surface water NO3-N 575 
fluxes in UK upland areas receiving high atmospheric N deposition; the fluxes are low in 576 
summer but relatively high in winter, although lower than atmospheric inputs [Neal et al., 577 
2003; E. Tipping et al., 2008].   578 
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Our approach to modelling ecosystem development relies on the strong empirical evidence 579 
that productivity of temperate natural and semi-natural ecosystems is limited by N and 580 
sometimes P [Elser et al., 2007; Vitousek et al., 2010]. In N14CP, if neither of these nutrients 581 
is limiting, NPP is determined by either temperature or precipitation. We neglect possible 582 
CO2 fertilization, which may be significant given that the atmospheric CO2 concentration has 583 
risen by c. 40% since 1800, and is projected to be more than twice the 1800 value by the end 584 
of the 21
st
 century [IPCC, 2014]. Some free-air CO2 enrichment (FACE) experiments show 585 
an increase in forest NPP in response to a step-change of 200 ppmv in atmospheric CO2 586 
concentration; for example at the N-limited Duke University site an enhancement in NPP of 587 
c. 30% is reported [McCarthy et al., 2010].  According to Drake et al. [2011] this could arise 588 
by the stimulation of soil microbial activity under elevated CO2 causing a faster turnover of 589 
SOM and acceleration of N cycling. Such an effect might be incorporated into N14CP, via an 590 
empirical relationship between CO2 concentration and SOM turnover rate constants. 591 
However, Drake et al. [2011] also pointed out that observed ecosystem responses to 592 
experimentally elevated atmospheric CO2 concentration vary widely, from no response to 593 
transient and sustained increases in NPP. Furthermore, an assessment of the outputs of 7 594 
forest models (appreciably more detailed than N14CP with respect to plant physiology and 595 
soil biogeochemistry) concluded that there are significant uncertainties especially in the N 596 
cycle that hamper prediction of CO2 effects [A P Walker et al., 2015]. Therefore, it is 597 
premature to include a representation of CO2 effects in N14CP.  It can also be noted that 598 
modelled increases in NPP over 300 years as a result of a step change in CO2 concentration 599 
from 380 to 550 ppmv are typically 20% [A P Walker et al., 2015], which is modest in 600 
comparison to the 200 to 300% increases simulated in response to N deposition in northern 601 
Europe (Figure 4).  602 
4.3. Atmospheric N deposition and P 603 
Increased atmospheric N deposition was shown to have a large effect on NPP and soil C and 604 
N pools in the model (Figure 4), which is understandable given that the sites were most 605 
commonly N limited.  The calculated increase in tree biomass C over the period 1800-2000 606 
(Figure 4) corresponds to an increase of 60 gC per g atmospherically-deposited N, or 30 gC 607 
gN
-1
 if only above-ground biomass is considered.  This is about 50% of the value of 61 gC 608 
gN
-1
 estimated by Quinn Thomas et al. [2010] from US forestry inventory data, but is in the 609 
middle of the range of 15-40 gC gN
-1
 estimated for European forests by de Vries et al. 610 
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[2009]. Therefore, our calculated effects are quantitatively realistic, at least in terms of tree 611 
NPP and biomass. 612 
The magnitudes of increases in NPP, soil C and N agree with previous results from N14C, 613 
which did not incorporate P cycling [E Tipping et al., 2012], suggesting that whilst P is 614 
important in long-term soil C and N development, P has not suppressed the response to N 615 
deposition at these sites.  By integrating the cycles of C, N and P, we can also examine the 616 
influence of C and N on P. The model indicates that increases in N and C caused by 617 
atmospheric N deposition may accelerate P loss in ecosystems by DOP leaching. Increased 618 
turnover of newly sequestered C under elevated N levels will lead to a running down of P 619 
within the soil as P is not renewed from exogenous sources, assuming decomposition of C, N 620 
and P is under stoichiometric control, as is the case in N14CP. 621 
4.4 No significant pH effect on decomposition and immobilization 622 
The modelling revealed only a small dependence of SOM turnover or nutrient immobilization 623 
on pH. This is contrary to the prevailing opinion that the rates of these processes are 624 
significantly lower under acid conditions [Leifeld et al., 2013; Walse et al., 1998]. Evidently, 625 
although the present data covered a range of soil pH (Figure 2), factors other than pH had 626 
more influence on the model parameterization. It may be that the model would find a pH 627 
dependence if the spatial data employed here were supplemented with time series data, for 628 
example the observations of Oulehle et al. [2011] that in the Czech Republic forest floor 629 
organic matter declined as a result of acidification reversal over the period 1995-2009.   630 
4.5  Extension to other ecosystem types 631 
The N14CP model in its current version simulates macronutrient behavior in temperate 632 
ecosystems with young soils, with a sufficiently simple process representation to permit 633 
parameterization from field data. This is already useful in the analysis and potential 634 
prediction of C, N and P cycling in systems such as those of northern Europe that are 635 
experiencing high N deposition. To make the model more globally applicable, i.e. extending 636 
the approach to a wider range of ecosystems, additional factors would need to be considered.  637 
Given the importance of P availability in ecosystem development, then over geological 638 
timescales (c. 10
6
 years) a significant issue is the replenishment of weatherable P by tectonic 639 
uplift, as emphasized in the global P modelling of Buendía et al. [2010], which would need to 640 
be added to the model to simulate ecosystems on older soils. The wider variations water 641 
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availability at global scales would need to be factored in with respect to both weathering and 642 
element losses by leaching, secondary mineral formation, and temperature effects on 643 
weathering (cf. [Goll et al., 2014]) might need to be included. Element losses by physical 644 
erosion would be more important in some ecosystems. The simulation of agricultural systems 645 
would need to account for biomass removal in cropping, and the effects of intensive grazing. 646 
The simulation of peatlands would require a version of the model able to deal with the burial 647 
of carbon in the anoxic catotelm, and recognizing the importance to such systems of P inputs 648 
by atmospheric deposition and biological transfers (Tipping et al., 2010). Basic field data 649 
comprising soil variables, including radiocarbon data, and NPP, for parameterization and 650 
testing could be applied at the global scale in a similar way to that adopted here. In addition, 651 
chronosequence data (e.g. [Richardson et al., 2004] ) could be used. Working at the larger 652 
scale would likely produce more insights through the more effective use of lithological data 653 
(Section 4.1) to predict weathering rates, not only of P but also base cations, and mineral N 654 
present in sedimentary rocks [Morford et al., 2011].   655 
5. Conclusions 656 
A new model, N14CP, integrating terrestrial carbon, nitrogen and phosphorus cycles that is 657 
suitable for long-term application (~10,000 years) in temperate/boreal northern hemisphere 658 
ecosystems at regional scales has been presented. The model addresses an important 659 
requirement for models that are applicable at scales above the site-scale, but constrainable 660 
against observation data. The model has been parameterized and tested using field 661 
observations from 88 sites in northern Europe across broadleaf, conifer, shrub and herbaceous 662 
habitats, making it the most robustly tested model of C, N and P cycles to date. With 663 
available driving data (climate, vegetation history, N deposition), it has been demonstrated 664 
that the model can represent broad contemporary trends in nutrient change across multiple 665 
soil nutrient pools and fluxes. However, smaller inter-site variation was not well reproduced.  666 
The study highlighted the importance of weatherable P as a control on the long-term 667 
development of ecosystem C, N, and P. This mainly arises because of the assumed 668 
dependence of N fixation, and consequent C fixation, on P availability. Model performance 669 
across C, N and P variables was considerably improved when the initial weatherable P was 670 
allowed to vary site-by-site within boundaries reasonable for the variation in lithology. This 671 
yielded a range of 50 to 720 g m
-2
 of weatherable P, and resulted in appreciable increases in 672 
goodness of fit. However, we could not find a predictive variable in soil type, lithology or pH 673 
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etc. for this variation. Finer-scale spatial characterization of weatherable P is needed to 674 
determine if inter-site variation can be explained by this variable. Alternatively, a study 675 
analyzing model performance at regional scales against observations across systematically 676 
chosen lithological types would help determine whether available lithological data is 677 
informative for this purpose at larger scales.    678 
All sites were found to be nutrient limited in the simulations, and most commonly N limited. 679 
As such, the model predicted that elevated N deposition since 1800 has considerably 680 
increased soil C and N and net primary productivity, under median conditions doubling or 681 
tripling NPP, leading to higher plant biomass. The increase in biomass C per N deposition 682 
ratio of 30 for median conditions is in line with literature data.  The effects of N dep have not 683 
been suppressed by a lack of P, at least for the relatively young soils (~12000 years) of the 684 
sites examined.  685 
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Tables 1018 
Table 1: Model state variable and output variable notation 1019 
Variables Description Units 
State variables 
𝐶, 𝑁, 𝑃𝑏𝑖𝑜,𝑓𝑖𝑛𝑒/𝑐𝑜𝑎𝑟𝑠𝑒  C, N and P stored in fine and coarse plant tissues  g m
-2
 
𝐶, 𝑁, 𝑃𝑙𝑖𝑡  C, N and P stored in coarse litter  g m
-2
 
𝐶, 𝑁, 𝑃𝑆𝑂𝑀,𝑖  C, N and P stored in compartment i (fast/slow/passive) of 
the SOM  
g m
-2
 
𝑃𝑠𝑜𝑟𝑏 Inorganic phosphorus sorbed to soil surfaces  g m
-2
 
𝑃𝑤𝑒𝑎𝑡ℎ Weatherable phosphorus within accessible substrate  g m
-2
 
𝐵𝐶𝑤𝑒𝑎𝑡ℎ Weatherable BCs within accessible substrate  g m
-2
 
𝑃𝑓𝑖𝑥𝑎𝑣𝑎𝑖𝑙  P available for fixation g m
-2
 
N,Pavail,excess N and P available for plant growth, and excess after 
growth 
g m
-2
 
Output variables 
∆𝐶, 𝑁, 𝑃𝐷𝑂  Output of dissolved organic C, N and P from SOM g m
-2 
dt
-1
 
∆𝑁, 𝑃𝑖𝑛𝑜𝑟𝑔 Output of dissolved inorganic N and P from SOM g m
-2
 dt
 -1
 
∆𝑃𝑠𝑜𝑟𝑏𝑒𝑑/𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑   Inorganic P sorbed/desorbed from soil surfaces g m
-2
 dt
 -1
 
∆𝑁𝑓𝑖𝑥  N fixation in topsoil g m
-2
 dt
 -1
 
∆𝑁, 𝑃𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑  N, P remobilized from foiliage before litterfall g m
-2
 dt
 1
 
∆𝑁, 𝑃𝑑𝑒𝑚𝑎𝑛𝑑,𝑖  N, P demand for plant growth for plant species end 
member i 
g m
-2
 dt
 -1
 
NPPpot, NPPact Potential and actual net primary productivity gC m
-2
 dt
 
-1
 
∆𝑃, 𝐵𝐶𝑤𝑒𝑎𝑡ℎ  Phosphorus and base cation weathering flux g m
-2
 dt
 -1
 
∆𝑁, 𝑃𝑖𝑚𝑚𝑜𝑏 Immobilization flux of N and P g m
-2
 dt
 -1
 
Input variables 
∆𝑁, 𝑃, 𝐵𝐶𝑑𝑒𝑝  Deposition of N, P and BCs g m
-2
 dt
 -1
 
T Mean quarterly temperature  °C 
FT>0  Fraction of year with temperatures below zero - 
  1020 
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Table 2: Parameter notation used in main text 1021 
Notation Description Units 
fDO fractional release of DOC, DON and DOP in decomposition proportion 
fdep,bypass fraction of deposition bypassing the topsoil proportion 
kimmobN rate constant for N uptake by SOM dt
-1 
βimmobP proportionality constant between P immobilization rate constant 
and N immobilization rate constant(s). 
- 
[C:N]im,lower C:N lower limit on immobilization of N into SOM g g
-1
 
[C:N]im,upper C:N upper limit on immobilization of N into SOM g g
-1
 
[C:P]im,lower C:P lower limit on immobilization of P into SOM g g
-1
 
[C:P]im,upper C:P upper limit on immobilization of P into SOM g g
-1
 
ksorb rate constant for sorption of dissolved inorganic P to soil 
surfaces 
dt
-1
 
kdesorb rate constant for desorption of inorganic P from soil surfaces dt
-1
 
kNfix parameter relating N fixation to P availability gN gP
-1
  m
-
2
 
Nfixmax maximum N fixation g m
-2
 dt
-1
 
[C:P]fixlim C:P ratio limit on P extraction from SOM by root exudates g g
-1
 
Q10 change in rate with 10 
o
C increase in temperature - 
Kacid, nacid parameters describing relation of immob. and decomp. to pH   
kPweath, 
kBCweath 
Weathering rates for phosphorus and base cation pools dt
-1
 
Pweath0 Initial weatherable phosphorus within accessible substrate g m
-2
 
BCweath0 Initial weatherable BCs within accessible substrate g m
-2
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Table 3: Model parameter values set within the generalized parameterization. The second 1024 
column from the left gives the range of parameter values found from a set of 50 localized 1025 
searches and the search boundaries (in square brackets). Following these searches the first 1026 
four parameters were found to be well constrained and set as shown in the third column from 1027 
the left. A globalized search was then performed on the remaining 4 parameters, resulting in 1028 
parameter values as shown in the last column. 1029 
Parameter Range from 50 local 
searches [boundaries] 
Parameter set 
through multiple 
local searches 
Parameter set by 
reduced global search 
𝑓𝐷𝑂 0.03-0.032 [0.001, 0.1] 0.0308 - 
𝑃𝑤𝑒𝑎𝑡ℎ0 100-149 [100, 1000] 120 - 
 𝑘𝑁𝑓𝑖𝑥 0.025-0.040 [0.02, 0.2] 0.0286 - 
𝑓𝑃𝑠𝑜𝑟𝑏 0.94-0.99 [0.8, 0.99] 0.97 - 
𝑘𝑖𝑚𝑚𝑜𝑏𝑃:𝑁 4.29-19.88 [0.1, 10] - 8.58   
 𝑓𝑃𝑑𝑒𝑠𝑜𝑟𝑏 0.005-0.049 [0.01, 0.05] - 0.005  
 𝐾𝑎𝑐𝑖𝑑 0.024-0.485[1e-6, 0.5] - 0.364  
𝑛𝑎𝑐𝑖𝑑 0.38-1 [0.1, 1] - 0.590  
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Figure captions 
 
 
Figure 1: Overview of carbon nitrogen and phosphorus stocks and flows simulated in the 
N14CP model. New additions in N14CP compared with N14C are highlighted in blue. 
 36 
 
 
Figure 2: Site data locations and distributions of Mean Annual Temperature (MAT), soil pH, 
nitrogen deposition in year 2000, and observed organic topsoil carbon, nitrogen and 
phosphorus contents. Data is detailed in the SI, Tables S3-5 [Andersson et al., 2002; Beier et 
al., 2009; Berggren et al., 2004; Blaser et al., 2005; Bloemerts and Vries, 2009; Corre and 
Lamersdorf, 2004; de Vries et al., 2005; DEFRA; defra; B A Emmett et al., 2004; Evans et al., 
2005; Gundersen, 1995; Jackson-Blake et al., 2012; Kleja et al., 2008; Kreutzer et al., 1998; 
Lamersdorf and Meyer, 1993; MacDonald et al., 2002; Mol-Dijkstra and Kros, 1999; Parr et 
al., 1998; Pilkington et al., 2005; I K Schmidt et al., 2004; Sjøeng et al., 2007; J D Speed et 
al., 2014; J D M Speed et al., 2015; Tietema et al., 1992; E Tipping et al., 2008; van 
Meeteren et al., 2008; von Oheimb et al., 2008; Walthert et al., 2004; Wright et al., 1998; 
Zimmermann and Wald, 2006]. 
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Figure 3: Observations (x axis) vs. N14CP model simulations (y axis). Left column: 
Observations and model outputs for parameterization sites using the generalized parameter 
set. Middle column: Observations and model outputs for test sites using the generalized 
parameter set. Right column: Observations and model outputs for all sites in the dataset when 
the initial pool of weatherable P is allowed to vary on a site by site basis and the value of 
Pweath0 is chosen by minimizing the site observation-mode residuals. Contemporary plant 
cover is denoted by marker style: broadleaf forest is denoted by a circle, coniferous forest by 
a square, shrubland by a diamond, and herbaceous plant cover by a triangle. Lines are the 
one-to-one relationship between observation and model. The mean of the observations and 
the model, and the r
2
 and root mean square errors (RMSE) are given in the titles.  
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Figure 4: Time-series results using the generalized parameter set for four sites with varying 
plant functional type (broadleaf: red line, conifer: yellow line, herbaceous: light blue, shrub: 
dark blue line), driven with median climate and deposition conditions. All sites start with 
herbaceous vegetation and transition to their modern day vegetation type in 6000BC (broadly 
concurring with estimates of northern Europe succession dates post-glaciation). 
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Figure 5: Changes in modelled P stores between 10000 BC, which marks the recession of the 
ice and commencement of weathering, to 2000 AD.  As for Figure 4, the model was driven 
with median climate and deposition conditions. 
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Figure 6:  Leaching losses of P, modelled with median climate and deposition conditions.  
Top panel: inorganic, organic and total fluxes for different PFT (broadleaf: red line, conifer: 
yellow line, herbaceous: light blue, shrub: dark blue line).  Lower panel: cumulative losses.  
  
 
 
